A major impediment that hampers the use of adenovirus (Ad) vectors in the clinic is their propensity to activate both innate and adaptive immune responses that are often accompanied by immediate toxicity and the eventual elimination of transduced cells (36) . Previous studies have indicated that the activation of innate immunity does not require infectious virus particles and is dose dependent (33, 55) . Interactions of adenovirus with cell integrins have been implicated in the production of proinflammatory cytokines and increased cell survival (40, 41) . However, the precise mechanisms involved in the activation of the innate immune system have not yet been defined. Therefore, we sought to uncover the molecular interactions responsible for activation of innate immune responses to adenoviruses.
Human Adenoviridae are comprised of 51 serotypes that were originally subdivided into 6 groups based on their ability to agglutinate red blood cells, a process that occurs via multimeric associations of the Ad homotrimeric fiber protein with host cell surface receptors (52) . The majority of Ad subgroups, A, C, D, E, and F, recognize coxsackievirus-adenovirus receptor (CAR) (4, 42) , a member of the immunoglobulin superfamily, whereas Ads belonging to subgroup B and subgroup D Ad37 serotypes use CD46, a member of the family of complement regulatory proteins, as their primary attachment receptor (15, 43, 47, 54) . Of particular note, association of CD46 with subgroup B serotypes and Ad37 expands host cell tropism. Thus, hematopoetic cells that are refractory to infection by CAR-utilizing Ads are susceptible to subgroup B and Ad37 virus types due to the expression of CD46 on these cells (20, 21, 43, 45) . Consequently, replication-defective Ad vectors based on CD46-utilizing serotypes, such as Ad35, are currently being evaluated as vaccines and for treatment of hematopoietic disorders (35, 51) . These in vivo studies have suggested that CD46-utilizing vectors administered locally (i.e., intramuscularly) have a higher safety profile due to lower levels of immune activation (14, 37) . However, these investigations have not examined the consequences of vector association with human peripheral blood mononuclear cell (PBMC) populations, a situation that could enhance innate immune responses detrimental to the host. Therefore, we have sought to gain further knowledge of the interactions of CD46-utilizing Ad vectors with specific blood-derived components of the innate immune response.
Our previous studies showed that infection of human PBMC by the CD46-utilizing Ads Ad37, Ad16, and Ad35 leads to an impairment in cytokine production (22) . CD46 Ads, but not the CAR-utilizing Ad5, interfere with gamma interferon signaling events in monocytes that are necessary for expression of the C/EBP␤ transcription factor, which in turn is required for subsequent proinflammatory cytokine gene transcription. Interestingly, recent studies showed that certain innate immune responses can differentially regulate proinflammatory cytokine expression and antiviral activity (18) . Therefore, we sought to determine whether CD46-mediated adenovirus entry into cells influences the antiviral immune response that is characterized by type 1 interferon production.
Type l interferons are encoded by 12 alpha genes and 1 beta gene that express proteins with antiviral, antiproliferative, and immunomodulatory effects (50) . Leukocytes have been shown to produce alpha/beta interferon (IFN-␣/␤) in response to a variety of bacterial and viral pathogens through recognition of pathogen-associated molecular patterns by Toll-like receptors (TLRs). The family of TLRs includes many members, each with a unique specificity. For instance, TLR2/6, TLR4, and TLR5 recognize bacterial products such as peptidoglycan, lipopolysaccharides, and flagellin, while the endosomal TLR3, TLR7/8, and TLR9 recognize double-stranded RNA, singlestranded RNA, and unmethylated CpG dinucleotides, respectively. TLR engagement leads to signaling events that ultimately induce IFN-␣/␤ expression via activation of NF-B and the IRF family of transcription factors.
In these studies we analyzed IFN-␣ expression by PBMC upon exposure to both CAR-and CD46-utilizing Ad vectors, and we provide evidence for the involvement of TLR9 in immune activation. Infectivity and cell entry are not sufficient for TLR9 recognition of Ads; rather, this recognition stems from the utilization of a specific receptor-mediated entry pathway.
MATERIALS AND METHODS
Viruses. Adenovirus vectors were propagated in 293 cells as previously described (22) . Ad5.F16 empty capsids (EC), produced during normal viral propagation, were readily purified from mature particles on CsCl gradients due to an approximate 1.5-cm distance separating the two viral species. Virtually no green fluorescent protein (GFP) expression was detected in EC-infected cell cultures, indicating that the maximum amount of contaminating mature virions (mature capsids [MC]) was low and probably less than 5%. The protein composition of EC and MC particles was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Two micrograms of each virus was separated on a 4 to 20% Novex acrylamide gel (Invitrogen, Carlsbad, CA) under denaturing conditions and stained with SYPRO Ruby (Invitrogen-Molecular Probes, Eugene, OR) according to the manufacturer's suggestions. Virions were fluorescently labeled with Cy3 dye (Amersham Biosciences, Piscataway, NJ) by incubating 100 g virus in a 5-ml 0.1 M sodium carbonate (pH 9.3) solution with dissolved Cy3 dye for 30 min at room temperature. Unconjugated Cy3 was separated from the labeled virions by rebanding on CsCl gradients and dialysis as described above. Infectivity by the GFP-encoding virus was not affected by dye conjugation, as determined by fluorescence-activated cell sorting (FACS) comparing transduction of HeLa cells with Cy3-labeled Ad5.F16 MC versus that with unlabeled Ad5.F16 MC using Cell Quest software (BD Biosciences, San Jose, CA). Herpes simplex virus type 1 (HSV-1) (F strain) was provided by Pietro P. Sanna (The Scripps Research Institute, La Jolla, CA). Viruses were UV inactivated with a 20-min exposure to 254-nm radiation at a 5-cm distance from the UV source.
Lymphocyte isolation and cytokine expression. PBMC were isolated from human blood by Ficoll density gradient centrifugation and cultured as previously described (22) . Plasmacytoid dendritic cells (pDC) were purified from PBMC by positive selection using the MACS BDCA-4 cell isolation kit (Miltenyi Biotec, Gladback, Germany) according to the manufacturer's suggestions and cultured at 1 ϫ 10 6 cells/ml. To measure cytokine expression, 2 ϫ 10 5 PBMC or pDC (in a final volume of 200 l) were cultured with 10 4 Ad particles/cell, unless otherwise indicated, for 1 to 2 days. The endosomal pH inhibitors bafilomycin A1, chloroquine, and ammonium chloride were added to the cultures at the concentrations indicated 30 min prior to the addition of virus. PBMC were cultured with 100 Ad5.F16 particles/cell or 1 PFU HSV-1/cell in the presence of phosphorothioate-modified control (TCCTGCAGGTTAAGT) or the TLR9-inhibitory oligonucleotide IRS869 (TCCTGGAGGGGTTGT) at various concentrations. No significant cell death or decrease in infectivity was seen in cultures treated with the inhibitors or oligonucleotides. Culture supernatants were analyzed for the presence of IFN-␣ by enzyme-linked immunosorbent assay (ELISA) using the Human IFN-␣ ELISA kit (Biosource, Camarillo, CA). HeLa cells were cultured at 2 ϫ 10 5 cells/well and incubated with the indicated concentration of Ad for 2 days in 12-well plates. The culture supernatants were assayed for IFN-␤ using the Human IFN-␤ ELISA kit (Biomedical Laboratories, Piscataway, NJ). Infectivity was assessed by FACS.
Fluorescence microscopy. TLR7 and TLR9 expression in HeLa was determined by RT-PCR. HeLa RNA was purified using the Total RNA purification kit from Gentra Systems (Minneapolis, MN). One microgram of isolated RNA was used to reverse transcribe and amplify TLR7 and TLR9 mRNA using the SuperScript One-Step RT-PCR kit from Invitrogen according to the manufacturer's protocol. For amplification, 35 cycles (94°C for 15 s, 55°C for 30 s, and 72 C for 1 min) were carried out with the following primer sequences: TLR7 (5Ј TGATCGTGGACTGCACAGAC and 3Ј TAGTTCTGTTAAAGTAGATG) generates a 551-bp fragment; TLR9 (5Ј GGCTGTTCCGAAGTCTGTG and 3Ј TAGGACAACAGCAGATACTC) generates a 547-bp fragment.
Genetic analysis. Genomic sequences of 10 serotypes were identified and sorted into 2 groups with respect to CD46 or CAR usage. Given the small sample sizes and the data type (discrete), the Chi square ( 2 ) test was deemed most appropriate for the analysis. In the model we tested, the number of rrCpGyy motifs is randomly and equally distributed by length of genome in both classes of serotype (CD46 or CAR). The critical value for 2 (␣ ϭ 0.05; ϭ 1) is 3.84. Our computed 2 value (Yates' correction for degrees of freedom ϭ 1) is 21.812, and the associated P value is 0.0000030103. A more detailed description of the statistical calculations is available (data not shown).
RESULTS

CD46-utilizing adenoviruses induce IFN-␣ expression.
In order to reduce the complexities involved in analyzing Adimmune cell interactions, including the impact of postentry processes (e.g., virus capsid disassembly), we utilized fiberpseudotyped Ad5 vectors that vary only in a single protein, known as fiber. Ad5.F5 is the prototypical CAR-utilizing vector that expresses the Ad5 fiber, whereas the Ad5.F37, Ad5.F16, and Ad5.F35 vectors display CD46-binding fibers derived from serotypes 37, 16, and 35, respectively. Various amounts of each vector were cultured with primary human PBMC, and then antiviral cytokines were assayed by ELISA. Ad vectors equipped with CD46-binding fibers but not with a CAR-binding fiber stimulated expression of IFN-␣ (Fig. 1) . The induction of IFN-␣ was dose dependent, with as few as 100 Ad5.F16 particles causing a significant rise in cytokine production. However, very large doses of Ad5.F16 and Ad5.F35 induced somewhat lower levels of IFN-␣, a finding that was replicated in multiple experiments.
Plasmacytoid dendritic cells are the principal source of adenovirus-induced IFN-␣. An important question arising from these findings is which cell population(s) was responsible for virus-induced cytokine production. Since pDC have been identified as the principal IFN-␣-producing cell type in response to infection (7, 31, 46) , we exposed PBMC, PBMC depleted of pDC, or purified pDC to either Ad5.F5 or Ad5.F16 particles ( Fig. 2A) . PBMC cultures depleted of pDC did not express IFN-␣ in response to Ad5.F16, whereas purified pDC expressed large amounts of this cytokine, providing strong evidence that pDC are the major IFN-␣-producing cell type in blood that responds to Ad infection. In addition, pDC were refractory to Ad5.F5 infection, while Ad5.F16 transduced 41% of these cells (Fig. 2B) , indicating that the ability of Ad vectors to induce IFN-␣ production in pDC correlates with their infectivity.
IFN-␣ expression by CD46-utilizing Ads requires TLR activation.
Since a major route of type l IFN induction by microbial pathogens involves recognition of pathogen-associated molecular patterns by TLRs, we sought to determine whether a specific TLR might be associated with Ad-induced IFN-␣ production. While there are 10 members of the human TLR family, we focused our analyses on the endosomally localized TLR7 and TLR9 in human pDC. Since intracellular compartments are major sites of Ad entry, TLR7 and TLR9 could potentially recognize Ad single-stranded RNA transcripts or Ad genomic DNA, respectively. To investigate the potential role of these innate immune receptors, we treated cells with bafilomycin A1, chloroquine, and ammonium chloride to block endosomal acidification, a prerequisite for TLR7 and TLR9 activation (Fig. 3) (31, 32) . Treatment of cells with these pH inhibitors caused a drastic reduction in IFN-␣ production by Ad5.F37, Ad5.F16, and Ad5.F35, consistent with a role for TLR7 or TLR9 activation in cytokine induction.
To investigate further the potential role of endosome-associated TLRs in IFN-␣ production, we evaluated cytokine induction by immature Ad5.F16 particles (EC) that lack their genome as a consequence of incomplete viral particle maturation. As expected, Ad5.F16 EC appeared structurally similar to MC with respect to their outer capsids but lacked an electrondense core, indicative of an absence of viral DNA (Fig. 4A) . Moreover, SDS-PAGE analysis of MC and EC (Fig. 4B) revealed that these particles had very similar levels of outer capsid proteins (i.e., hexon, penton base, and fiber), whereas EC particles selectively lacked the DNA-associated capsid proteins V and VII. EC but not MC also contained the scaffold proteins L1 52/55 that are normally found in immature particles prior to viral capsid maturation and assembly (17, 49) . Unlike mature Ad particles, Ad5.F16 EC were incapable of inducing IFN-␣ expression (Fig. 4C) . The lack of IFN-␣ induction by Ad5.F16 EC was not due to an inability of these par- (Fig. 4D ). Together these findings suggest a requirement for Ad viral DNA for IFN-␣ induction.
Further analyses were performed to discern whether TLR7 or TLR9 was responsible for Ad-induced IFN-␣ production using an oligonucleotide antagonist that specifically interferes with TLR9 but not TLR7 signaling (2) . The inhibitory oligonucleotide, designated IRS869, caused a dose-dependent decrease in IFN-␣ expression, with a 0.25 M concentration of this compound decreasing IFN-␣ production by 92% (Fig. 5A) . The IRS869 oligonucleotide also blocked IFN-␣ induction by HSV-1 (Fig. 5B) , a known activator of IFN-␣ expression via TLR9 engagement (27) . Therefore, these findings indicate that CD46-utilizing adenovirus likely induce IFN-␣ expression via TLR9 activation.
CD46-utilizing Ads preferentially induce TLR9 signaling. In the studies described above, Ad-induced IFN production was analyzed in cells that were permissive only for CD46-utilizing Ad serotypes, and therefore it was not possible to determine whether distinct receptor-mediated entry pathways differed in their capacity to trigger cytokine responses. Thus, we next examined cytokine production in cells that were equally permissive to both CAR-and CD46-dependent viruses. We chose HeLa cells for these studies because they express IFN-␤ in response to viral infection (39) and, unlike pDC, they can be transduced with equal efficiencies by CD46-and CAR-utilizing Ads. HeLa cells also express TLR9, as detected by RT-PCR analysis (Fig. 6A) , thus providing an appropriate cell culture model for studying Ad recognition by this receptor. The Ad vector displaying the Ad16 fiber induced significantly higher levels of IFN-␤ than the CAR-utilizing Ad5.F5 vector at each concentration examined (Fig. 6B) . Specifically, no IFN-␤ expression was detected in cell cultures infected with 100 Ad5.F5 particles/cell, while maximum cytokine levels were induced with the same amount of Ad5.F16. The difference in the abilities of Ad5.F5 and Ad5.F16 for cytokine activation was not due to differences in infectivity, since the two vectors had similar infection rates, 88% and 90%, respectively, as determined by Ad-mediated transgene delivery (Fig. 6C) . To analyze additional TLR signaling events triggered by Ad entry into HeLa cells, we examined the activation of the transcription factor NF-B, since this key transcription factor is universally activated upon stimulation of TLR family members (24) . NF-B activation was evaluated by quantifying the levels of the IB␣ protein following exposure of HeLa cells to CAR-and CD46-utilizing Ads. IB proteins retain NF-B in the cytoplasm until IB becomes phosphorylated and degraded in response to stimuli, resulting in the nuclear translocation of NF-B. Therefore, a reduction in IB levels is generally considered to be indicative of NF-B activation. As can be seen in Fig. 6D , IB␣ levels remained unchanged in Ad5.F5 and Ad5F16 EC-treated cells, whereas a significant decrease in this protein occurred upon infection with Ad5.F15 MC. These data confirm and extend the interferon studies demonstrating marked differences in NF-B activation induced by CAR-and CD46-utilizing Ad serotypes. Thus, we concluded that Ad entry into cells is necessary but not sufficient for TLR9 activation and that specific receptor-mediated cell entry pathways largely govern this immune event. CD46-utilizing adenoviruses contain fewer TLR9-stimulatory sequences than CAR-utilizing Ads. TLR9 is a DNA sensor that specifically recognizes nonmethylated CpG sequences that are disproportionately present in the genomes of bacteria and large eukaryotic viruses (5, 8, 19, 23) . In an attempt to learn whether CAR-and CD46-utilizing Ads contain similar numbers of TLR9-activating sequences, we searched the entire genome sequences of 10 different virus serotypes available in a public database to determine the number of CpG dinucleotides present in each. We found that, on average, subgroup B serotypes have 586 fewer CpG sequences than CAR-utilizing Ads, which translates to a 26% overall decrease (Table 1) . Because the flanking nucleotides of a CpG sequence contribute to TLR9 activation, analysis of a consensus hexamer known to stimulate TLR9 was also done. While the motif consisting of two purines (rr) preceding the CpG dinucleotide followed by two pyrimidines (yy) was determined to be optimal for stimulation of murine TLR9, it is also capable of activating human cells (3, 26) . We therefore extended our analysis to determine a The overall numbers of CpG islands and rrCpGyy motifs were determined for each serotype by sequential searching for the string in the five different frameshifts of each sequence. The relative frequency of the number of motifs was computed by dividing the observed number of motifs by the corrected genome size (sum of the number of linear 6-mer strings of nucleotides). Note that the range of counts of rrCpGyy for serotypes that use CD46 (110 to 117) does not overlap the range of counts for CAR-utilizing Ads (136 to 163).
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the number and frequency of TLR9 (rrCGyy) motifs present and found 100 to 163 potential TLR9-stimulatory hexamer motifs per genome ( Table 1) . As in the previous analysis, the CD46-utilizing Ad genomes contained 26% fewer (P ϭ 3.01 ϫ 10 Ϫ6 ) TLR9 motifs than those of CAR-utilizing Ads. This suppression in CpG motifs may indicate that the genomes of CD46-utilizing Ads have evolved under selective pressure exerted by the innate immune system to evade recognition.
DISCUSSION
Adenovirus engagement of its primary attachment receptor initiates the infectious entry pathway into host cells. The specific receptor utilized influences cellular tropism of the virus and, as the findings presented here demonstrate, has a profound affect on activation of TLR9-dependent innate immune responses. These studies place adenovirus on a short but growing list of viral pathogens recognized by TLR9, including murine cytomegalovirus, HSV-1, and herpes simplex virus type 2, which has important implications in viral pathogenesis (6, 13, 25, 31) .
Our investigations uncovered the first evidence for a connection between TLR activation and specific receptor-mediated cell entry pathways. Thus, Ad5.F16 was more efficient than a CAR-utilizing Ad (Ad5.F5) at stimulating TLR9-mediated events, such as NF-B activation and IFN-␤ expression in HeLa cells. This difference was not due to unequal infection rates, since Ad5.F5 and Ad5.F16 transduced HeLa cells with similar efficiencies. We have also observed preferential NF-B activation by CD46-utilizing Ads in TLR9-positive human B lymphoblastoid cells (data not shown). Therefore, we conclude that cell entry per se is not sufficient for TLR9 activation by Ad but that processes dependent on fiber-receptor interactions are also crucial.
It is not entirely clear why distinct cell entry pathways influence innate immune responses by Ads; however, differences in the intracellular localization of subgroup B and C Ad serotypes are known to occur, as originally observed by using electron microscopy (11). These observations were further supported by the work of Defer et al., who found preferential association of subgroup B Ad3 with endosomes and cytoskeletal fractions shortly after infection compared to that of subgroup C Ad2 (12) . In addition, recent confocal microscopy studies confirm colocalization of subgroup B Ads with late endosomes and lysosomes, while subgroup C virons rarely visit these compartments due to their ability to rapidly escape early endosomes (34, 44) . Interestingly, TLR9 is found in endosomes and lysosomes upon stimulation but appears to require lysosomal function for proper signaling (1, 29, 30) . Therefore, the ability of subgroup B Ads to activate TLR9 appears to correlate with their localization to lysosomes. Our data indicate that only at relatively high multiplicities of infection might CAR-utilizing Ads trigger similar innate immune responses.
While there is a clear difference between CAR-and CD46-utilizing Ad postentry destinations, how receptor engagement controls these events is unknown. CD46 is internalized by one of two pathways. Pathway 1 has been proposed for unligated CD46, which enters cells constitutively and is recycled to the cell's surface. Upon crosslinking, however, CD46 travels down an alternative pathway that leads to its degradation (10).
Therefore, engagement of CD46 by Ad may also result in virion trafficking to a degradative pathway, consistent with subgroup B Ad colocalization with late endosomes and lysosomes. Our observations may also be consistent with recent live cell imaging studies demonstrating the existence of two distinct clathrin-mediated endocytic pathways comprised of dynamic and static endosomes (28) . The dynamic early endosomes were reported to quickly mature to late endosomes in a microtubule-dependent manner, resulting in the degradation of their cargo, whereas static endosomes that contain recycling receptors are slow to mature and do not require the microtubule network. In line with this proposed model and other published work, it seems reasonable to predict that Ad-CAR association results in their movement into static early endosomes. At high multiplicities of infection, CAR-dependent Ads likely saturate the recycling pathway and a minor fraction enter the degradative pathway. CD46 engagement by distinct Ad types, on the other hand, shunts Ads to dynamic early endosomes that traffic to TLR9-enriched lysosomes. Consistent with this model, the microtubule-destabilizing drug nocodazole completely prevents PBMC IFN-␣ induction by Ad5.F16, as well as by HSV-1, while not affecting infectivity (data not shown).
A question raised by our studies is how DNA viruses, and Ad in particular, establish a successful infection in the face of a vigorous innate immune response. Our genomic analysis reveals one possible explanation in that a lower frequency of potential stimulatory CpG motifs are present in Ad viral genomes of the subgroup B serotypes. Thus, the 26% (average) reduction in stimulatory CpG motifs in subgroup B genomes may be a compensatory adaptation that counteracts TLR9-dependent interferon responses that would likely be detrimental for virus survival in the host (16) . Because CAR-utilizing Ads are inefficient at transducing pDC and are not potent TLR9 activators in other cell types, they would not be expected to be under the same selective pressure to decrease their CpG motifs.
Ad5-based vectors can target tissues that express TLR9, such as epithelium, skeletal muscle, and hepatocytes, so the potent innate immune response induced upon high-dose Ad administration in humans (ϳ10 13 particles) may be, in part, a consequence of TLR9 activation. Indeed, proinflammatory cytokines induced, such as IL-6, TNF-␣, and IL-12, following Ad5 vector exposure are classic downstream targets of TLR signaling events (9, 24) . The importance of the viral genome in activating cellular responses has been demonstrated by gene chip analysis of Ad5-infected lung fibroblasts, where a Ͼ3-fold increase in host mRNA induction over that in cells exposed to empty capsids was observed (48) . The recent success in achieving long-term transgene expression with mice, rats, and nonhuman primate models by using helper-dependent Ad vectors that are devoid of all viral genes also appears to be consistent with our findings. The viral genomes of helper-dependent Ad vectors are replaced with transgenes and stuffer DNA derived from humans and mice, which generally contain fewer CpG motifs than pathogens, and this results in prolonged expression of therapeutic genes with less toxicity than traditional E1A-deleted Ad vectors (38) .
In contrast to Ad-mediated gene transfer for chronic diseases, it may be advantageous to achieve a certain level of innate immune responses during Ad-mediated vaccination. In this regard, Ad5-based vaccine vectors pseudotyped with subgroup B fibers, such as those used in our studies, may be more effective than vectors based solely on a subgroup B virus (i.e., Ad35). Consistent with this concept, the quality and magnitude of anti-human immunodeficiency virus Gag immune responses elicited by coadministration of a vaccine vector with a TLR9 agonist were increased over those achieved with vector alone (53) . Thus, further knowledge of the precise mechanisms involved in the activation of innate immune responses by Ad may help improve approaches for in vivo gene transfer and vaccine development.
